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Abstract

Melanoma is the most notorious and fatal of all skin cancers and the existing treatment options 

have not been proven to effectively manage this neoplasm, especially the metastatic disease. 

Sirtuin (SIRT) proteins have been shown to be differentially expressed in melanoma. We have 

shown that SIRTs 1 and 2 were overexpressed in melanoma and inhibition of SIRT1 imparts anti-

proliferative responses in human melanoma cells. To elucidate the impact of SIRT 1 and/or 2 in 

melanoma, we created stable knockdowns of SIRTs 1, 2, and their combination using shRNA 

mediated RNA interference in A375 human melanoma cells. We found that SIRT1 and SIRT1&2 

combination knockdown caused a decreased cellular proliferation in melanoma cells. Further, the 

knockdown of SIRT 1 and/or 2 resulted in a decreased colony formation in melanoma cells. To 

explore the downstream targets of SIRTs 1 and/or 2, we employed a label-free quantitative nano-

LC-MS/MS proteomics analysis using the stable lines. We found aberrant levels of proteins 

involved in many vital cellular processes, including cytoskeletal organization, ribosomal activity, 

oxidative stress response, and angiogenesis. These findings provide clear evidence of cellular 

systems undergoing alterations in response to sirtuin inhibition, and have unveiled several 

excellent candidates for future study.
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Introduction

As the fifth and sixth most common types of cancer diagnosed in men and women, 

respectively, melanoma is a frequently diagnosed cancer in the United States [1]. It is 

estimated that over 87,000 new diagnoses and nearly 10,000 deaths will be attributed to this 

malignancy in the United States in 2017. In its early stages, melanoma can be treated with 

relative ease through surgical excision or radiation therapy. However, if melanoma is not 

caught early or it is in a location that is difficult to treat via surgical excision or other 

localized therapies, it can rapidly metastasize with fatal consequences. At this time, both 

immunologic and targeted therapies are under investigation for melanoma treatment, but low 

effectiveness, adverse effects, and recurrence are the major obstacles that are yet to be 

addressed, especially for metastatic melanoma (reviewed in [2]). The lack of a successful 

treatment regimen and the expected increases in melanoma deaths due to an aging 

population and increased sun exposure, stresses the need for novel chemotherapeutic for 

melanoma management.

The sirtuins are a family of enzymes categorized as Class III histone deacetylases (HDACs). 

Their deacetylase activity is unique in that it is NAD(+)-dependent rather than zinc-

dependent like the other HDACs [3]. Although their roles as histone deacetylases were the 

first to be delineated, subsequent research has shown that sirtuins possess additional 

enzymatic activities in the cell, including mono-ADP-ribosyltransferase and general 

deacylase activities [4]. In humans, seven sirtuins (SIRTs 1-7) have been discovered to date. 

This family of enzymes has been implicated in a wide range of cellular and biological 

processes, including aging, apoptosis, oxidative stress, and carcinogenesis. The different 

sirtuins have distinct cellular localizations, which may contribute to their range of activities 

in the cell. SIRTs 1, 6, and 7 are primarily in the nucleus, while SIRTs 3, 4, and 5 are 

generally found in the mitochondria. Interestingly, SIRT2 is the only sirtuin mostly found in 

the cytoplasm, although there is abundant evidence that many sirtuins, including SIRTs 1 

and 2 shuttle in and out of their primary location and may be cell and tissue dependent [5, 

6]. Because sirtuins have multiple roles in cellular metabolism and have been implicated in 

tumorigenesis, they present as an attractive target for cancer therapeutics. SIRT1 and SIRT2 

are shown to be upregulated in human melanomas, suggesting that they may be used as 

chemotherapeutic targets [7, 8]. Additionally, our previous work investigating the roles of 

SIRT1 and SIRT2 in melanoma has suggested that one or both of these sirtuins play a role in 

melanoma progression [7, 8]. However, these studies relied on the use of chemical 

inhibitors, which could have off-target effects, as well as inhibit SIRT3 at higher levels. In 
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order to perform a more specific analysis, here we have employed short-hairpin RNAs 

(shRNAs) in an assessment of melanoma cell growth, and a proteomics-based mechanistic 

evaluation. In this study, we compared the growth inhibitory effects of knockdown of SIRT1, 

SIRT2, and their combination, and discuss the potential mechanistic basis of these 

observations.

Materials and Methods

The overall experimental plan is depicted in Fig. 1. Specific methods used are described 

below.

Cell culture

The human melanoma line A375 and 293T cells (ATCC; Manassas, VA) were maintained in 

Dulbecco's Modified Eagle's Medium (Corning; Tewksbury, MA) with 10% FBS (Sigma 

Aldrich; St. Louis, MO) in standard cell culture conditions (37°C, 5% CO2 in humidified 

incubator).

Lentiviral production and transduction

The stable knockdown was achieved by shRNA mediated RNA interference. To create 

shSIRT and control lentivirus, 293T cells were transfected via calcium phosphate 

precipitation with plasmid DNA and the envelope and 2nd generation packaging plasmids 

VSV-G and Δ8.2. To ensure maximal knockdown, 5 separate shRNAs for each protein were 

purchased and tested, with the clone inducing the best knockdown chosen for experimental 

use. Protocol specifics are as follows: 10 μg shRNA plasmid DNA (nonsense-NS (SHC002, 

Sequence: 

CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTT

TT), SIRT1 (Sequence: 

CCGGGCGGCTTGATGGTAATCAGTACTCGAGTACTGATTACCATCAAGCCGCTTTT

T, TRC number: TRCN0000018983, Clone ID: NM_012238.3-1958s1c1), SIRT2 

(Sequence: 

CCGGGCTAAGCTGGATGAAAGAGAACTCGAGTTCTCTTTCATCCAGCTTAGCTTTT

TG, TRC number: TRCN0000040222, Clone ID: NM_012237.2-815s1c1) (Sigma Aldrich), 

5 μg VSV-G and 6 μg Δ8.2 plasmids were transfected into HEK293T cells as before [9]. 

Transfection media was discarded after 24 hours and replaced with fresh media. Virus-

containing media was collected and replaced after an additional 24 hours and stored at 4°C, 

then combined with a second batch of media collected at 72 hours post-transfection. Virus-

containing media was then filtered with a 0.45 μM PES filter, aliquoted into single use 

portions, and frozen at -80°C for future use. For target cell transduction, viral media was 

thawed in a 37°C water bath, then added to cells with 8 μg/ml polybrene four times over 36 

hours. After 48 hours of transduction, viral media was removed and cells were allowed to 

recover for 24 hours. For stable cell selection, puromycin (0.5 μg/ml) was added in media to 

the cells and changed every 2-3 days until separate colonies became distinguishable. Distinct 

colonies were transferred to each well of a 12-well plate and subsequently grown while 

maintaining puromycin selection and tested for knockdown via western blotting. For the 

SIRT1&2 combination knockdown cell line, the single SIRT1 knockdown cell line was then 
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transfected with SIRT2 shRNA as above. Cells were replated at very low density to allow 

adequate separation of colonies for selection, and knockdown was verified by western blot. 

The clones with the best knockdown were used in further experiments.

SDS-PAGE and Western Blot Analysis

Protein was isolated by resuspending pelleted cells in radioimmunoprecipitation assay 

(RIPA) buffer (Millipore, Billerica, MA) supplemented with phenylmethylsulfonylfluoride 

(PMSF) and Protease Inhibitor Cocktail (ThermoFisher Scientific, Waltham, MA). Cells 

were incubated on ice for 30 minutes and then centrifuged for 30 minutes to eliminate 

cellular debris. Supernatant was transferred to a clean tube and quantified using a BCA 

Assay (ThermoFisher Scientific) according to manufacturer instructions. 20 μg of total 

protein was loaded in each well of a SDS-PAGE gel and electrophoresed to the appropriate 

point, then transferred to a nitrocellulose membrane. Blots were incubated with primary 

antibody [SIRT1 (Cat #2496); SIRT2 (Cat #12650); β-actin (Cat #4970); Cell Signaling 

Technology, Danvers, MA)] overnight according to manufacturer's suggestion before 

incubating with anti-rabbit secondary antibody (Cat #7074; Cell Signaling). Blots were 

developed using ECL detection kit and imaged using the GE ImageQuant LAS 4000 (GE 

Healthcare).

Trypan Blue Viability Assay

A375 shNS and stable knockdown cells were plated (30,000 cells/well) in triplicate into 6-

well plates. At each time point (48, 72, 96 hours), media was transferred to a collection tube 

and cells were incubated with trypsin and moved to the same tube. PBS was used to rinse 

any remaining cells and was transferred into the same tube. Cells were mixed thoroughly 

and 15 μL aliquots were mixed with 15 μL of trypan blue (ThermoFisher Scientific) and 10 

μL was transferred to each side of the counting slide. Cells were counted in quadruplicate 

using the Countess FL Automated Cell Counter (ThermoFisher Scientific). Data is shown as 

mean of 3 replicates ± standard error.

Colony Formation

The A375 stable shNS and knockdown cells were plated (1000 cells/well) in triplicate. 

Media containing puromycin was changed every 2-3 days for 7-9 days or until desired 

confluency was reached. For staining, media was removed from cells and 450 μL of 1% 

crystal violet solution (in 1:1 water:methanol) was added and incubated for 30 minutes. 

Wells were destained with 2× PBS rinses of 750 μL each and imaged.

MTT Assay

Stable knockdown and A375 shNS cells were plated in 96-well plates (6 replicates, 1000 

cells/well) in complete medium with puromycin. At each time point (24, 48, 72, 96 hours), 

media was removed from all wells, PBS was used to rinse, and MTT reagent (1-(4,5-

Dimethylthiazol-2-yl)-3,5-diphenylformazan) diluted in media was added. Cells were 

incubated at 37°C for 2 h, and then crystals were dissolved using DMSO. Absorbance was 

measured at 570 nm using a BioTek Synergy H1 plate reader.
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Protein Sample Preparation for Proteomics Analysis

Protein was prepared as outlined in Cholewa et al with minor modifications [10]. Briefly, 

after 96 hours of growth, cells were pelleted using trypsin followed by three PBS washes on 

ice, and immediately lysed. For lysis, 0.25 mL of 50 mM ammonia bicarbonate was added to 

the cell pellet and cells were mechanically lysed with a 26-gauge needle. After 

centrifugation to remove the insoluble fraction, protein was quantified and 20 μg of each 

protein was digested as described before, dried, resuspended, and desalted on C18 Zip-Tips 

according to manufacturer's protocol (Millipore). Samples were then resuspended in 0.1% 

formic acid (v/v) and analyzed by nano-LC-MS/MS.

Label-Free Protein Identification and Quantification by nano-LC-MS/MS

Biological triplicate samples were injected twice each (making a total of 6 replicates per 

sample) and analyzed by nano-LC-MS/MS for each knockdown line, using the same settings 

as described previously with 15 data dependent MS/MS per primary scan [10], with the 

exception of using a 7 s duration for the dynamic exclusion in these runs. Briefly, for each 

sample replicate, after cleanup, 2.5 μg was injected on a 100 μm × 100 mm, reverse phase 

C18 BEH column with 1.7 μm particles and a 300 Å pore size. Peptides were eluted from 

the column over 180 min with an increasing acetonitrile gradient, top 15 ms/ms data 

dependent method using a Q-Exactive Orbitrap mass spectrometer (ThermoFisher 

Scientific). The instrument was set to fragment precursors ions of +2 to +7. A 50 min linear 

gradient blank was run in between each sample to ensure no carry-over.

Data Processing

The data was processed as described earlier [10]. Briefly, following acquisition of nano-LC-

MS/MS data, the resulting raw files were processed using Proteome Discoverer 1.4 Software 

(ThermoFisher Scientific) using SEQUEST HT and Uniprot Human with a decoy database 

added to establish control variability and false discovery rates. Search parameters included a 

full tryptic digest, with 2 missed cleavages allowed with precursor ion mass tolerance of 10 

ppm (a window of +/- 5ppm in each direction) and fragment mass tolerance of 0.6 Da. 

Modifications of oxidation (M) variable and carbamidomethyl (C) were searched for and 

allowed at up to 3 modifications per peptide. The false discovery rate was set to 1%. 

Chromalign was used to align the data following protein identification, and normalization of 

the peak intensities of all runs was performed by using the total ion chromatogram intensity. 

Peptides eluted between 38 and 145 minutes were analyzed via SIEVE to quantify the peak 

intensities. In order to reduce the effect of run-to-run variability, calculated protein ratios 

used in further analysis steps had a p value <0.05 and the CV raw MS intensities of the 

replicates (biological and technical) was limited to those within 25%.

Data Analysis

From each knockdown line, proteins identified as having unique peptides with a confidence 

value of P<0.05 and more than 4 hits (peptides that triggered MS/MS fragmentation scans) 

was uploaded into Ingenuity Pathway Analysis (IPA, Ingenuity Systems, CA). Using IPA 

filters set to eliminate proteins with less than 1.8-fold expression changes, the resulting 

identified proteins were used to analyze which biological processes and pathways were 
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affected by knockdown of each SIRT or set of SIRTs. The same filtered set of proteins were 

also entered into PANTHER (Protein ANalysis Through Evolutionary Relationships) to 

determine the molecular functions and biological processes involved with those proteins.

Statistical Anlyses

Data were analyzed with GraphPad Prism 7 Software (GraphPad Software, La Jolla, CA). 

One-way ANOVA with Tukey's post hoc test or two-tailed Student's t-test were used to 

determine significance. Data is shown as mean ± SEM. P-values of ≤0.05 were considered 

significant, and greater significance levels are indicated where appropriate.

Results

Effects of shRNA-mediated knockdown of SIRT1 and/or SIRT2 on human melanoma cell 
growth and clonogenic survival

To assess the effects of specific sirtuin inhibition in melanoma, we created four stable 

knockdown lines from A375 melanoma cells; one with SIRT1 shRNA, a second with SIRT2 

shRNA, and a third with both SIRT1 and SIRT2 shRNA, as well as a non-targeting (NS) 

shRNA control. Successful knockdown was confirmed via western blot as shown in Figure 

2A.

To establish the effects of SIRT1 and/or SIRT2 knockdown on melanoma cell growth and 

viability, a trypan blue exclusion assay was performed (Fig. 2B). Results showed a steady 

decrease in the relative growth of SIRT1 and SIRT1&2 combination knockdown cells 

relative to the NS control. shSIRT2 cells showed a decrease in growth by 72 hours post-

plating, but slightly increased relative to the NS control by the 96 hour time point. The 

reason for this is unclear, but the pattern was observed consistently over all three 

experimental runs. No significant effects on cell viability were observed in any of the cell 

lines for the duration of the experiment (data not shown).

To confirm the growth inhibitory effects observed in the trypan blue exclusion assay, an 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cellular proliferation 

assay was performed (Fig. 2C). Results show the same growth patterns observed in the 

trypan blue results. shSIRT2 cells again showed a mild growth inhibition relative to the 

control cells, with an upward trend starting at 72 hrs post-plating. This may be explained by 

the influence of cellular metabolism on the MTT assay results, i.e. an increase in metabolism 

leads to an increased NAD(P)H-dependent oxidoreductase activity, which is responsible for 

reducing the MTT tetrazolium salts quantified in this assay [11]. Thus, an early decrease in 

MTT results followed by a slightly later increase is not unexpected. Similar metabolic 

influence on MTT measures of proliferation could account for the lower relative growth 

observed for the combination SIRT1&2 knockdown cells at 96 hours post-plating when 

compared to the same time-point for the trypan blue exclusion assay.

As a further investigation into the impact of SIRT1 and SIRT2 knockdown on melanoma cell 

growth, a colony formation assay was performed. Live cells were plated in triplicate at equal 

density and stained with crystal violet to visualize colonies after 7-9 days of growth (Fig. 

2D). The results showed marked decreases in the areas of the colonies formed for each of 
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the single knockdown cell lines, as well as for the combination SIRT1&2 knockdown cell 

line. A closer analysis of the data revealed that the majority of the A375 shNS cell colonies 

were not only relatively broad, but also had a blurred appearance, suggesting significant 

radial migration of the cells. The single shSIRT1 and shSIRT2 knockdown cell colonies 

were much smaller, but still retained an overall blurred appearance, whereas the combination 

shSIRT1&2 cell colonies were not only small, but had very clear, sharp edges as well. This 

could suggest a decreased cellular migration rate, and future analysis of migration potential 

is warranted for these cells.

Effects of shRNA-mediated knockdown of SIRT 1 and/or 2 on global protein changes and 
their Ingenuity Pathway Analysis (IPA)

As a mechanistic investigation into the anti-proliferative effects of SIRT1 and 2 inhibition, 

we performed a proteomics evaluation of all four knockdown cell lines. Cells were plated in 

triplicate and grown for 96 hours prior to collection and analysis via nano-LC-MS/MS on a 

Q-Exactive spectrometer. A detailed discussion of the decision to use label-free quantitative 

proteomics, the advantages inherent to this approach, and an explanation of the pilot study 

performed prior to sample analysis can be found in our previously published study [10].

The initial data analysis was done using SIEVE software to produce a list of proteins within 

each sample which show an acceptable (>0.75) chromatographic peak alignment with the 

A375 shNS control. The average alignment scores for our samples were 0.80, 0.89, and 0.87 

for shSIRT1, shSIRT2, and shSIRT1&2, respectively. The resulting datasets included 1991, 

2839, and 2470 proteins for shSIRT1, shSIRT2, and shSIRT1&2 respectively, and 1730, 

2483, and 2117 proteins when only unique peptides were considered in protein 

identification. We chose to analyze only the datasets with unique peptides, based on the 

possible impact on protein fold change for peptides that are conserved in more than one 

protein. We further limited our datasets to proteins that showed a minimum of 4 hits, and 

showed a fold-change of at least +/- 1.8. This resulted in a total of 7, 2, and 43 upregulated 

proteins, and 3, 4, and 2 downregulated proteins in the SIRT1, SIRT2 and combination 

SIRT1&2 knockdown cell lines respectively. The resulting lists of proteins were then 

uploaded into the Ingenuity Pathway Analysis (IPA) software, and analyzed for the presence 

of interacting proteins with related functions. The outcome of IPA is discussed below.

shRNA-mediated knockdown of SIRT1 and/or 2 alters proteins involved in 
cytoskeletal organization—We found a ≥1.8-fold change in the expression of two 

proteins involved in cytoskeletal organization in both of the single knockdown cell lines, and 

in multiple proteins in the SIRT1&2 combination knockdown cells (Table 1). Cytoskeletal 

reorganization is a critical step in the acquisition of migratory properties in tumor cells. The 

process, known as the epithelial-mesenchymal transition (EMT), was first recognized during 

embryogenesis, when epithelial cells de-differentiate into a mesenchymal stem cell like 

state, move to a new location, then redifferentiate and divide [12]. It is characterized by a 

reorganization of the cytoskeleton promoting a loss of cell polarity, detachment of cellular 

adhesion structures, and development of cell motility structures such as filopodia and 

lamellipodia. In addition, cytoskeletal reorganization is a key component of normal 

chromosomal separation and cell division during the cell cycle [13]. Thus, the change in 
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expression of proteins involved in cytoskeletal reorganization would be predicted to affect 

both tumor cell metastasis, and cellular proliferation.

The two cytoskeletal-related proteins that change expression in response to the single 

knockdown of SIRT1 or SIRT2 are ABRACL and DPYSL2. Very little is known about 

ABRACL, also known as Costars, with research to date mostly involving broad spectrum 

proteomics or sequencing projects. However, a recent study showed that in the amoeba 

Dictyostelium discoideum, Costars knockdown results in reduced motility and changes in 

the actin cytoskeleton, suggesting that its downregulation in our cell lines could have a 

suppressive effect on cell migration [14]. While its function in humans has not yet been 

elucidated, its downregulation in our SIRT1 and SIRT2 knockdown cells is worth 

investigating, especially in light of the reduced colony formation ability in both cells lines.

The second cytoskeletal-related protein affected in both the SIRT1 and SIRT2 knockdown 

cell lines was the only protein in the entire dataset to show at least 1.8-fold upregulation in 

all three knockdown cell lines. Dihydropyrimidinase-like 2 (DPYSL2), also known as 

collapsin response mediator protein 2 (CRMP2), has long been known to promote 

microtubule assembly [15]. Microtubules function in the cell cycle to separate chromosomes 

during mitosis. In the case of cancer, they are also involved in both EMT and tumor 

metastasis through their interactions with the actin cytoskeleton, their role in vesicular 

trafficking, and their interactions with Rho GTPases [16]. CRMP2 was has been shown to 

play a role in the cell cycle through stabilization of the mitotic apparatus during cell division 

[17]. Recent data also show a potential role in tumor cell metastasis, as CRMP2 expression 

was downregulated in late stage invasive tumor cells relative to early stage cells in a small-

intestinal neuroendocrine mouse xenograft study [18]. CRMP2 expression is also decreased 

in breast cancer tissues, suggesting it could function in tumor suppression [19]. While its 

role in melanoma is unknown, a growth inhibitory or anti-migratory effect would be 

predicted by its increased levels in our cells.

Changes in additional proteins known to play roles in microtubule dynamics were found in 

the SIRT1&2 combination knockdown cells. Stathmin, the most upregulated protein in our 

dataset, is a highly studied microtubule destabilizing protein. It is overexpressed in many 

types of cancer, and is thought to play a role in metastasis and EMT initiation [16, 20]. 

Stathmin was recently identified as a potential oncogene in melanoma, and its >4-fold 

regulation in our dataset is likely to have pro-metastatic effects [21]. Tubulin binding 

chaperone A (TBCA) is the second most highly upregulated protein in our shSIRT1&2 cells, 

and it also likely plays an oncogenic, pro-metastatic role in cancer. While less studied than 

Stathmin, there is evidence that silencing TBCA results in changes in the microtubule 

cytoskeleton, initiates G1 phase cell cycle arrest, and induces cell death in breast and ovarian 

cancer cells [22]. It has also been shown to positively regulate clear cell renal cell carcinoma 

(ccRCC) metastasis, and its silencing initiates G2/S phase cell cycle arrest in these cells 

[21].

In addition to the microtubule-associated proteins, the combination shSIRT1&2 dataset was 

also found to contain several proteins with well-defined roles in the formation of filopodia or 

lamellopodia. HSP90A, Destrin, DAAM1, and Fascin are known to promote tumor cell 
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migration in this way. HSP90A and Destrin are required for the formation of lamellipodia 

[23, 24], whereas Fascin and DAAM1 interact to promote the formation of filopodia [25]. 

However, the status of HSP90A, Destrin, and DAAM1 is unclear in melanoma, and while 

Fascin expression is increased in metastatic melanoma, the increase does not correlate with 

tumor progression or overall survival [26]. In addition, a recent study has found that the pan-

sirtuin inhibitor nicotinamide, as well as SIRT1 siRNA, inhibit lamellipodia formation in 

melanoma [27]. This finding brings into question whether upregulation of HSP90A, Fascin, 

and DAAM1 is sufficient for the formation of motility protrusions in our cells, and further 

investigation of this possibility is required.

Finally, our SIRT1&2 combination knockdown cells showed >4-fold downregulation in a 

protein that has been strongly implicated as a tumor promoter. Transglutaminase 2 (TGM2) 

has a well-established role in protein stabilization as a mediator of Ca-(2+)-dependent 

lysine-glutamine cross-linkages, but its substrates are numerous, and it participates in a wide 

variety of cellular processes [28]. While the exact mechanism is still being elucidated, 

TGM2 is known to be upregulated in many types of cancer, including melanoma, and is 

strongly associated with chemotherapeutic resistance, tumor cell invasion, and poor patient 

survival [29]. Its expression has recently been implicated in EMT initiation in breast cancer 

cells, and silencing TGM2 is sufficient to reverse the transition [29, 30]. Thus, the 

considerable downregulation of TGM2 in our cells is predicted to induce a tumor 

suppressive response.

In summary, while the cytoskeletal-related proteins in the SIRT1 and SIRT2 single 

knockdown cells are predicted to have tumor suppressive effects, the large number of 

proteins affected by the combined knockdown make any predictions regarding overall tumor 

impact impossible. Several proteins with predicted oncogenic function are strongly 

upregulated, while the change in expression observed for others is predicted to result in 

strong tumor suppressive effects. However, these data provide strong evidence that some sort 

of cytoskeletal changes are occurring, and further investigation into these changes, and their 

potential role in EMT, cellular metastasis, and/or the cell cycle, is warranted.

shRNA-mediated knockdown of SIRT1 and/or 2 alters ribosomal proteins—We 

observed upregulation of several ribosomal proteins (RPs) in the combination SIRT1&2 

knockdown cell line, as well as in the SIRT1 single knockdown cells (Table 2). Ribosomal 

proteins function with ribosomal RNA (rRNA) to form the complete ribosome, with those 

designated RPS belonging to the small (40S) ribosomal subunit, and RPL proteins belonging 

to the large (60S) subunit. In addition to their basic role in translation, ribosomal proteins 

also play a major role as chaperone proteins in ribosome biogenesis. In recent years, 

additional extra-ribosomal functions of RPs have been discovered, including roles in cellular 

proliferation, the cell cycle, and apoptosis [31-33].

Several of the RPs found here to be upregulated in response to shRNA-mediated sirtuin 

inhibition participate in extra-ribosomal processes. RPS3a has been shown to positively 

regulate migration of osteosarcoma cells and its suppression in NIH 3T3 cells induces 

apoptosis, suggesting that its overexpression here would promote cell survival and 

metastasis [34, 35]. Further support for an overall impact of tumor promotion in our cells is 
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the observed overexpression of both RPS11 and RPL7 in gastric and colorectal cancers, of 

RPL27 in liver cancer, and of RPS11 in glioblastoma, the latter of which was also associated 

with shorter patient survival [32, 33]. However, data suggest that several of these proteins 

play tumor suppressive roles as well, including an observed downregulation of RPS18 in 

colorectal cancer [32, 33]. Increased expression of RPS5 in murine leukemia cells results in 

decreased levels of the cyclin-dependent kinases CDK2, CDK4, and CDK6, indicating an 

anti-proliferative role in these cells [36]. While RPL7 was shown to be overexpressed in 

some cancers, its constitutive expression in Jurkat T-lymphoma cells induces G1 cell cycle 

arrest and apoptosis [37]. Extra-ribosomal roles for RPS10 and RPL27 are not clearly 

defined, however, both are frequently mutated in Diamond-Blackfan anemia, a condition 

associated with a predisposition to several types of cancer [33]. Finally, there is a clearly 

defined role for RPS25 in the activation of p53 and the induction of p53-dependent cell 

cycle arrest and apoptosis upon ribosomal stress [38].

While our data showed the upregulation of several ribosomal proteins in both the SIRT1 and 

SIRT1&2 combination knockdown cells, the differing functions of the proteins identified 

make it difficult to draw any conclusions about the overall effect on tumor cell growth. 

However, it is clear that ribosomal proteins are being activated. The fact that the two cell 

lines with increased RP activity are the same two which show decreased growth rates 

relative to normal cells makes further study of the effects of RPs on the growth rate of these 

cells worthwhile.

Predicted effects of shRNA-mediated knockdown of SIRT1 and 2 on the 
activity of the tumor suppressor p53—In a previous study involving the use of the 

SIRT 1 and 2 chemical inhibitor Tenovin-1 in melanoma, we found a decrease in melanoma 

cell growth and clonogenic survival that correlated with an increase in expression and 

activity of the tumor suppressor p53 [7]. As p53 is highly involved in numerous cellular 

processes, including metabolism, cell survival, cell cycle, and genome integrity, and both 

SIRTs 1 and 2 have been found to be involved in regulation of this protein [39-41], we 

expected to find the effect of SIRTs-knockdown on p53 in our nano-LC-MS/MS datasets. 

However, one of the limitations of our study is that the LC-MS system is only capable of 

analyzing the top proteins during any given sampling period. Therefore, we are only able to 

report changes in more abundant cellular proteins. However, IPA software allows for 

prediction of the activity of additional proteins based on changes observed within the 

dataset, combined with a comparison to an extensive database of known protein interactions. 

Thus, the IPA analysis was able to provide a prediction of p53 activation, following SIRT 

knockdown (Fig. 3). Interestingly, in our study, we observed the activation of the ribosomal 

protein RPS25, following SIRT1&2 combination knockdown. Indeed, RPS25 is known to 

activate p53 and induce p53-dependent cell cycle arrest and apoptosis upon ribosomal stress 

[38]. Its upregulation in the SIRT1&2 combination knockdown dataset, but not in the single 

datasets, could indicate that inhibition of both SIRT1 and SIRT2 is required for the increased 

p53 activity observed in our previous Tenovin-1 studies. If that is the case, a combination 

SIRT1&2 inhibitor might be a preferential therapeutic to the inhibition of individual sirtuins. 

However, further detailed investigation is required to confirm this prediction regarding p53 

activity.
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Effects on additional proteins following shRNA-mediated knockdown of SIRT 
1 and/or 2—The list of proteins affected by SIRT1, SIRT2, or combination SIRT1&2 

knockdown is not limited to those discussed above, and additional proteins in our datasets 

that show ≥1.8-fold change can be found in Table 3. While it is beyond the scope of this 

paper to discuss all of them, there are several additional proteins with functions related to 

cancer that we would like to highlight.

In the SIRT1&2 combination knockdown cells, three proteins with functions in the oxidative 

stress response are upregulated: peroxiredoxin 6 (PRDX6), glutathione s transferase p 

(GSTP1), and glutathione synthetase (GSS). Peroxiredoxin and glutathione are both 

endogenous antioxidants, and glutathione s transferases and synthetases play roles in the 

regulation of glutathione detoxification activity and expression, respectively [42-44]. While 

the increased expression of antioxidants is a common phenomenon in cancer cells, it can 

lead to interference with normal redox homeostasis and chemotherapeutic resistance [45]. 

PRDX6 has been shown to play a specific role in melanoma cell growth, and GSPT1 

inhibition leads to increased susceptibility to chemotherapeutics in melanoma [46, 47]. 

While the role of GSS in melanoma is unclear, the increased expression of players in the 

oxidative stress response and redox signaling is worth noting, especially in light of the roles 

that sirtuins 1 and 2 have been shown to play in response to oxidative stress in the skin [48, 

49].

AHNAK is an interesting protein in that it was discovered over 25 years ago, and yet its 

molecular function has still not been clearly defined [50]. However, it does appear that it 

plays a role in cancer. While AHNAK has been linked to poor survival in laryngeal 

carcinoma, and to be overexpressed and increase cell migration in mesothelioma, it has been 

shown to act through TGF-β as a tumor suppressor in breast cancer [51-53]. Thus, its role as 

a tumor suppressor or promoter is unclear. AHNAK was not studied in melanoma until 

recently, when a study revealed that AHNAK is commonly downregulated in metastatic 

melanoma, and that its downregulation correlates with a poor prognosis [54]. While there 

was previously no known connection between AHNAK and the sirtuins, its upregulation in 

our SIRT1&2 knockdown cells therefore suggests that AHNAK could play a tumor 

suppressive role in response to sirtuin inhibition in melanoma.

Nestin is another protein of interest in the study of tumor metastasis. Nestin is an 

intermediate filament protein, and as such, could also have been discussed in the context of 

cytoskeletal reorganization [55]. However, in recent years, it has been more actively studied 

for its role in cancer. Of particular significance, a strong case has been made for Nestin as a 

cancer stem cell marker [56]. It has also been implicated in angiogenesis, which is critical 

for the survival of metastatic cancer in its new location [57]. Even more relevant, Nestin has 

been associated with aggressive, metastatic melanomas, poor patient prognosis, and its 

inhibition has been shown to reduce melanoma growth and invasiveness [58-61]. In our 

datasets, Nestin is not only downregulated in the SIRT1&SIRT2 combination knockdown 

cells, but also in the SIRT2 single knockdown cells. This suggests that knockdown of SIRT2 

might reduce melanoma aggressiveness and metastatic potential. While we did not observe a 

decrease in growth for the SIRT2 knockdown cells, a shift in phenotype away from a cancer 

stem cell like state, with reduced angiogenic capabilities, would not have been evident in this 
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type of assay. This type of shift would be beneficial in the treatment of melanoma, and this 

finding indicates that further investigation into SIRT2 is warranted.

Finally, in addition to its roles in cytoskeletal reorganization, HSP90A has been studied 

extensively as a tumor promoter, as it interacts with multiple tumor-promoting proteins such 

as TGF-β, which has a well-established role in EMT induction [12, 62]. Several HSP90 

inhibitors have been developed, but while they are successful in inhibiting tumor growth, 

cancer cells begin proliferating again when the treatment is stopped [63]. Recent studies 

have shown that resistance to HSP90 inhibitors is overcome when SIRT1 is inhibited as a 

combination treatment in both chronic myeloid leukemia and multidrug-resistant 

lymphoblastic leukemia [64, 65]. This is interesting given the upregulation of HSP90A in 

our SIRT1&2 combination knockdown cells. There is clearly a mixed response of both 

tumor promoters and suppressors in response to SIRT1&2 combination knockdown. 

However, we still observed an overall effect of growth inhibition in this cell line. It is 

possible that this growth reduction could be magnified through combined inhibition with 

some of the oncogenic proteins found to be upregulated here. Further study into combination 

therapies with sirtuin inhibitors could prove to be a useful strategy in the development of 

effective melanoma treatment.

Conclusion

We have shown that the shRNA-mediated inhibition of SIRT1 results in reduced growth of 

A375 melanoma cells. While knockdown of SIRT2 does not significantly affect melanoma 

cell growth alone, the combined inhibition of SIRT1 and SIRT2 results in amplification of 

the growth inhibition seen with SIRT1 inhibition alone. Interestingly, there are significant 

changes in colony formation abilities in response to all three knockdowns: SIRT1, SIRT2 

and SIRT1&2 combination. The difference was not immediately apparent in the number of 

colonies that formed, but rather in the diameter of the colonies present, encouraging further 

investigation into a potential role in cell migration for both SIRT1 and SIRT2.

In response to shRNA-mediated SIRT1 and/or SIRT2 inhibition, we have identified a 

number of proteins previously unknown to be associated with or affected by sirtuin activity. 

The first set of proteins identified in all three knockdown sets of cells are involved in 

microtubule dynamics. While both sirtuins have been shown to be involved in regulation of 

microtubules previously, their effects on the proteins identified in our screen have not been 

enumerated to date. We found greater than 1.8-fold changes in 2, 2, and 16 cytoskeletal-

linked proteins in the shSIRT1, shSIRT2, and shSIRT1&2 cells, respectively. This suggests 

that inhibition of both sirtuins has a larger effect on cytoskeletal organization than the 

inhibition of either alone. However, several of the protein regulation findings seem to 

contradict each other, which leaves the question of the exact mechanism of regulation of 

cytoskeletal proteins unanswered. The same trend was found in the ribosomal proteins. 

Greater than 1.8-fold protein levels were identified in 2, 1, and 8 ribosomal protein levels in 

the shSIRT1, shSIRT2, and shSIRT1&2 cells, respectively, suggesting that they are being 

modulated at a much greater frequency by the combination knockdown of SIRTs 1&2, than 

by either of these sirtuins alone. A key example of this is the protein RPS10, which was ∼2-

fold greater in both the SIRT1 and SIRT2 sets, but ∼6.5-fold greater in the dual knockdown 
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set. In addition, several other proteins were found to be modulated by the shSIRT1, 

shSIRT2, and shSIRT1&2 knockdown (6, 4, and 22, respectively; with ≥1.8-fold cutoff). 

Many of these proteins are known to play roles in critical tumor promoter functions such as 

angiogenesis, oxidative stress, and EMT. As with the cytoskeletal and ribosomal protein sets, 

the SIRT1&2 combined knockdown affects the expression of a large number of proteins, 

suggesting that the two sirtuins are closely tied together, and their interactions should be 

considered when targeting them for future experiments.

There are several implications of these findings in regards to the use of targeted inhibition of 

sirtuins in the treatment of melanoma. The finding that SIRT1&2 combination knockdown 

shows enhanced growth inhibition over either protein alone suggests that a combination 

therapy could be a superior approach over individual knockdown. However, the resulting 

upregulation of a mix of proteins with predicted tumor promoter and suppressor functions 

suggests that the vast number of sirtuin targets might make them poor candidates for 

inhibition, and downstream proteins should instead be targeted. This paradoxical response of 

the cellular proteins could also explain the conflicting reports of sirtuins functioning as 

tumor promoters or suppressors in different contexts. As an alternative to targeting multiple 

proteins downstream of sirtuins, combination therapies involving inhibition of one or more 

sirtuins as well as the major tumor promoters upregulated in our dataset could also prove 

effective, as in the case of HSP90 and SIRT1 inhibition. An additional candidate for 

combination therapy is Stathmin, since it is highly upregulated in response to sirtuin 

inhibition and plays such a strong role in tumor promotion. Finally, it is worth exploring 

whether Nestin inhibition in combination with SIRT1 (but not SIRT2) knockdown would be 

an effective alternative to a SIRT1&2 combination approach. Further investigation into 

several of these possibilities could prove useful in the development of effective melanoma 

treatments.
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Highlights

• Inhibition of SIRT1 or SIRTs 1&2 reduces melanoma cell growth and 

clonogenicity.

• Combined SIRT1 and SIRT2 inhibition has enhanced growth inhibition over 

either alone.

• shRNA-mediated inhibition of SIRTs 1&2 affects cytoskeletal protein 

expression.

• Ribosomal protein expression was altered in SIRT1 and SIRT 1&2 

knockdown lines.
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Significance

Melanoma is the deadliest form of skin cancer, due to its aggressive nature, metastatic 

potential, and a lack of sufficient treatment options for advanced disease. Therefore, 

detailed investigations into the molecular mechanisms of melanoma growth and 

progression are needed. In the search for candidate genes to serve as therapeutic targets, 

the sirtuins show promise as they have been found to be upregulated in melanoma and 

they regulate a large number of proteins involved in cellular processes known to affect 

tumor growth, such as DNA damage repair, cell cycle arrest, and apoptosis. In this study, 

we used a large-scale label-free comparative proteomics system to identify novel protein 

targets that are affected following knockdown of SIRT1 and/or 2 in A375 metastatic 

melanoma cell line. Our study offers important insight into the potential downstream 

targets of SIRTs 1 and/or 2. This may unravel new potential areas of exploration in 

melanoma research
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Figure 1. Outline of experimental plan for analysis of shRNA-mediated stable knockdown of 
SIRT 1 and/or 2 in A375 human melanoma cells
Following stable knockdown of SIRT1 and/or 2 and assessing the effects on cell growth/

proliferation, the cell lines were submitted to label-free nano-LC-MS/MS. Resulting peaks 

were analyzed using SIEVE software and the proteins identified as up- or down-regulated 

were entered into PANTHER and IPA to determine the modulated pathways after 

knockdown. Further details are provided in ‘Materials and Methods’ section.
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Figure 2. Stable SIRT knockdown reduces cellular growth and proliferation
A) Stable knockdown was verified by western blot analysis. β-actin was used as a loading 

control. Cellular proliferation was analyzed for 48, 72, and 96 hours by B) Trypan blue and 

C) MTT analysis. Clonogenic cell survival of melanoma cell lines was assessed by a colony 

formation assay D). Representative images of crystal violet stained colonies after 8 days of 

incubation. Error bars represent mean ± SEM. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** 

P ≤ 0.0001. Further details are provided in ‘Materials and Methods’ section.
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Figure 3. Predicted effects of sirtuin knockdown on the activity of the tumor suppressor p53 by 
Ingenuity Pathway Analysis (IPA)
IPA was used to assess a prediction of association between sirtuins and p53, indirectly via 

the regulation of p53-related proteins observed in our proteomics study. IPA suggested a 

potential increase in p53 protein activity following knockdown of shSIRT1&2. Further 

details are provided in the text.
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